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Abstract
A magnet designed for use in a magnetic refrigeration device is presented. The magnet is designed by applying
two general schemes for improving a magnet design to a concentric Halbach cylinder magnet design and
dimensioning and segmenting this design in an optimum way followed by the construction of the actual magnet.
The final design generates a peak value of 1.24 T, an average flux density of 0.9 T in a volume of 2 L using only
7.3 L of magnet, and has an average low flux density of 0.08 T also in a 2 L volume. The working point of all
the permanent magnet blocks in the design is very close to the maximum energy density. The final design is
characterized in terms of a performance parameter, and it is shown that it is one of the best performing magnet
designs published for magnetic refrigeration.
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1. Introduction
Magnetic refrigeration is a potentially energy efficient and en-
vironmentally friendly evolving cooling technology that uses
the magnetocaloric effect (MCE) to generate cooling through
a regenerative process called active magnetic regeneration
(AMR).
At present, a great number of magnetic refrigeration test
devices have been built and examined in some detail, with
focus on the produced temperature span and cooling power of
the devices [1; 2; 3]. A substantial number of magnet designs
have also been published [4; 5; 6; 7; 8; 9; 10; 11] (see Ref.
[12] for a review), but for almost all magnet designs no argu-
ment is presented for the specific design and dimensioning of
the magnet.
In this paper we present the full design approach of a mag-
net used for magnetic refrigeration. The magnet is designed
by applying two general ways or schemes for improving a
magnet design to a concentric Halbach cylinder design. The
resulting design is dimensioned and segmented and is then
characterized by comparing flux density measurements to a
numerical simulation. Finally, the magnet design is compared
to other magnet designs used in magnetic refrigeration.
2. Modeling the magnet design
The magnet is designed for a cylindrical rotating magnetic
refrigeration device under construction at Risø DTU, in which
plates of magnetocaloric material rotate in an air gap between
an outer and inner cylindrical magnetic structure. The dimen-
sions of the design, which have been chosen based on the
desired temperature span and cooling capacity of the device,
are such that the volume between the inner and outer magnet
is 4 L. The magnetic refrigeration device is designed such that
the magnet must provide four high flux density regions and
four low flux density regions in the air gap between the two
magnets.
A similar magnetic refrigerator, i.e. with a stationary
magnet and a rotating magnetocaloric material, was also con-
sidered in Ref. [11], where a magnet design that generates
a magnetic field between 0.1 T and 1 T in four low and four
high field regions is presented. Rotary magnetic refrigerators
where the magnet rotates and the magnetocaloric material is
kept stationary are considered in, e.g., Refs. [13], [14] and
[15]. One of these designs uses rectangular magnets while
the other two use highly irregularly shaped magnets. The
generated magnetic field is between 1.0 and 1.9 T, although
the latter value is based on a two dimensional numerical sim-
ulation which is known to overestimate the magnitude of the
magnetic field except for very long assemblies.
Based on numerical modeling of the AMR process using
the model of Ref. [16] the length of the Risø DTU device was
chosen to be 250 mm [17]. Based on practical engineering
requirements, as well as to allow ample room for the inner
magnet, an external radius of the inner magnet of 70 mm and
an internal radius of the outer magnet of 100 mm was chosen.
The regenerator itself can consist of either plates or a
packed bed of magnetocaloric material. The dimensions,
shape and stacking of the plates or the dimensions and shape
of the packed bed can vary, and the performance of the re-
frigeration device will of course depend on these parameters.
The magnetocaloric material is contained in a plastic structure
with low heat conduction, so the heat transfer between the
magnet and the magnetocaloric material is kept low. As the
magnetocaloric material is rotated in the magnetic field there
will be an eddy current induced in the magnetocaloric mate-
rial. The heating due to this eddy current is negligible because
the magnetization is small and the rotation rate is only on the
order of 1 Hz.
A magnet design that fulfils the requirement of generat-
ing four high and low flux density regions is the concentric
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Figure 1. The concentric Halbach cylinder design. The
direction of magnetization is shown as arrows. The different
radii have been indicated.
Halbach cylinder design [18]. Here each cylinder is magne-
tized such that the remanent flux density at any point varies
continuously as, in polar coordinates,
Brem,r = Brem cos(pφ)
Brem,φ = Brem sin(pφ) , (1)
where Brem is the magnitude of the remanent flux density
and p is an integer [19; 20]. Subscript r denotes the radial
component of the remanence and subscript φ the tangential
component. A magnet with four high and four low flux density
regions, as described above, can be created by having a p= 2
outer Halbach cylinder and a p=−2 inner Halbach cylinder.
The concentric Halbach cylinder design is shown in Fig. 1.
This magnet design is the starting design for the optimized
magnet design presented here. The design is improved by
applying an algorithm to increase the difference in flux density
between a high and low flux density region in an air gap in a
magnetic structure, as described in Ref. [21]. The algorithm
lowers the flux density in a given area by replacing magnet
material enclosed by an equipotential line of the magnetic
vector potential, Az, with a soft magnetic material or vacuum.
Furthermore, the design is improved by replacing mag-
net material with a high permeability soft magnetic material
where the component of the magnetic field along the rema-
nence is not large and negative, i.e. where µ0H · Bˆrem >−γ ,
with an appropriately chosen positive γ , as here a high perme-
ability soft magnetic material will produce a similar value of
|B| as the magnet produces [22; 23; 21].
These two improvements are applied to the design us-
ing a numerical two dimensional model implemented in the
commercially available finite element multiphysics program
Comsol Multiphysics [24] and using magnets with a rema-
nence of 1.44 T and a relative permeability of 1.05, which are
the properties of standard neodymium-iron-boron (NdFeB)
magnets [25]. A two dimensional model is used as the magnet
design is symmetric along the length of the design and the
ratio of the gap to the length of the assembly is much smaller
than 1, making end effects relatively unimportant.
For the algorithm the equipotential line of Az is chosen
to be the line that goes through the point (r = 100 mm,φ =
22.5◦), i.e. the point on the internal radius of the outer magnet,
half way between the center of the high and low flux density
regions, as this equipotential line encircles the low flux density
region. Iron is used as the soft magnetic material as it has
a very high permeability as well as being easily workable
and reasonable priced. A value of γ = 0.125 T is used for
replacing magnet material with iron where the component
of the magnetic field along the remanence is not large and
negative.
2.1 Dimensioning of the design
The remaining dimensions of the magnet design, i.e. the
external radius of the outer magnet, Rout,ext, and the internal
radius of the inner magnet, Rinn,int, are chosen based on a
parameter variation of the concentric Halbach design where
the two improvements discussed above have been applied.
The external radius of the outer magnet was varied from 110
mm to 155 mm in steps of 5 mm and the internal radius of
the inner magnet was varied from 10 mm to 50 mm in seven
equidistant steps. The optimization parameter is taken as
the difference in flux density between the high and low flux
density regions to the power of 0.7 as a function of the cross-
sectional area of the magnet; this is shown in Fig. 2. Here
〈B0.7high〉 denotes the average of the flux density to the power
of 0.7 in the high field region and similarly 〈B0.7low〉 for the
low flux density region. For this design the high and low flux
density regions are defined to be of the same size and span an
angle of 45 degree each making them adjacent.
The reason the power of 0.7 is chosen is that the adiabatic
temperature change of a second order magnetocaloric material
scales with the magnetic field to the power of 0.7 at the Curie
temperature [12; 26]. Thus it is this value that is important to
the performance of a magnet used in magnetic refrigeration.
To limit the cost of the magnet, a cross-section of Amag
= 0.025 m2 was chosen. Based on this value and Fig. 2 the
optimal design was chosen. This design has an external radius
of the outer magnet of 135 mm and an internal radius of the
inner magnet of 10 mm.
The original concentric Halbach cylinder design and the
design after the application of the different improvements are
shown in Fig. 3 for the dimensions found above.
3. The physical magnet
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(a) Original design (b) Design with applied improvements
Figure 3. (Color online) Fig (a) shows a quadrant of the a concentric Halbach cylinder with pouter = 2 and pinner =−2. The
remaining quadrants can be obtained by mirroring along the coordinate axes. The magnetization is shown as black arrows on
the magnets, which are light grey. Iron is dark grey. The flux density in the air gap between the cylinders is shown as a color
map. Fig (b) shows the same design after the two improvement schemes have been applied. The line in the iron region in the
outer magnet separates the iron regions generated by the two improvement schemes, and it is only shown for reference.
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Figure 2. (Color online) The difference in flux between the
high and low flux density regions to the power of 0.7 as a
function of the cross-sectional area of the magnet, Amag, for a
range of different external radii of the outer magnet, Rout,ext,
and internal radii of the inner magnet, Rinn,int. The area is
used as the model is two-dimensional. The chosen set of
dimensions have been encircled.
3.1 Segmentation of the final design
To allow construction of the magnet, the design shown in
Fig. 3(b) must be segmented. The number of segments is
an important parameter as the more segments used the more
expensive the manufacturing process becomes. Generally
it is the total number of segments that determines the cost
together with the overall magnet volume, due to the handling
of the individual segments. However, segments with different
geometric shapes introduce an additional cost as these must be
separately manufactured. If different segments have the same
geometrical shape but different directions of magnetization
these introduce little additional cost as the same molds and
fixation tools can be used [27].
The segmentation of the optimized design is done man-
ually. The size of the iron regions is decreased a bit in or-
der to generate a higher flux density in the high flux den-
sity region. In order to find the optimal direction of mag-
netization of the individual segments an optimization pro-
cedure has been applied. The optimization routine used is
a modified version of the Matlab function FMINSEARCH
[28], called FMINSEARCHBND, which finds the minimum
of an unconstrained multivariable function with boundaries
using a derivative-free method [29]. A Comsol model with
a predefined geometry is used as input, with the direction of
magnetization as variables. The optimization criteria is that
the difference between 〈B0.7high〉 and 〈B0.7low〉 be maximized. The
segmentation of the magnet design and the resulting directions
of magnetization are shown in Fig. 4.
The effectiveness of the magnet design can be judged from
the working point of the magnets, i.e. the size of the magnetic
field times the size of the flux density, both measured in the
direction of the remanence: |B · Bˆrem||H · Bˆrem|. In Fig. 5 the
working point is shown as calculated from a model of the
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Figure 4. (Color online) The segmentation of the final design.
The direction of magnetization has been found by
maximizing 〈B0.7high〉−〈B0.7low〉. The direction of magnetization
is indicated on each segment. The small white areas in the air
gap have a flux density higher than the maximum value on
the color bar.
magnet design. For magnets with a remanence of 1.44 T, as
is used here, the maximum energy density, i.e. the optimal
working point (|B · Bˆrem||H · Bˆrem|)max, is 400 kJ m−3 [30].
As can be seen from the figure most parts of the magnets
are close to the maximum energy density thus illustrating the
efficiency of the design.
3.2 The final design realized
The magnet design shown in Fig. 4 has been constructed and
a photo of the magnet is shown in Fig. 6. The magnet has a
length of 250 mm.
All spatial components of the flux density in the air gap
have been measured using a Hall probe (AlphaLab Inc, Model:
DCM) as a function of angle, radius and length of the device.
A three dimensional simulation of the design has also been per-
formed. The measured flux density was found to be periodic
with a period of 90◦, as expected. The measured flux density
for the first 90◦ and the results of the simulation are shown
in Fig. 7. An excellent agreement between the simulated and
measured flux density is seen.
In the four high field regions the peak flux density is
around 1.24 T while it is very close to 0 T in the four low field
regions. The gradient between the high and low field regions
is quite sharp, but it is clear that the field is not homogeneous
in the high field region. However, as the magnetocaloric
effect scales with the magnetic field to the power of 0.7 it is
preferable to have a zero flux density in the low field region
rather than to have part of the flux density gradient in the
low field region. Therefore the gradient is concentrated in the
high field region. The field is also seen to drop off only at
the very ends of the device, i.e. |z| > 100 mm. Finally the
Figure 5. (Color online) The working point,
|B · Bˆrem||H · Bˆrem|, of the magnets. The maximum working
point for a 1.44 T remanence magnet, as is used here, is 400
kJ m−3.
field is seen to be slightly larger radially near the inner and
outer magnet compared to the center of the air gap, but the
difference is small and is not expected to have an impact on
the performance of the AMR.
3.3 Performance of the magnet
The performance of the magnet with regards to magnetic
refrigeration can be evaluated using the Λcool parameter [31],
which is defined as
Λcool ≡
(
〈B0.7high〉−〈B0.7low〉
)Vfield
Vmag
Pfield , (2)
whereVmag is the volume of the magnet(s),Vfield is the volume
where a high flux density is generated and Pfield is the fraction
of an AMR cycle that magnetocaloric material is placed in
the high flux density volume. Note that Vmag is the volume of
permanent magnet material used, excluding any soft magnetic
material as the price of this material is in general significantly
lower than permanent magnet material. Also, the magnet
design presented above has not been optimized with respect
to the total weight of the design. More soft magnetic material
than needed is present, as the saturation magnetization of the
soft magnetic material is not reached. This was done for ease
of construction.
Other published magnet designs for magnetic refrigera-
tion devices have a Λcool parameter between 0.03 to 0.21 [12].
The magnet designed here has Vmag = 7.3 L, Vfield = 2.0 L,
〈B0.7high〉= 0.91 T and 〈B0.7low〉= 0.15 T. Assuming Pfield = 1, as
is the aim of the device, the design achieves Λcool = 0.21, thus
equaling the best performing magnet published to date. The
rotary magnetic refrigeration devices mentioned earlier, Refs.
[11], [13], [14] and [15] haveΛcool = 0.13, 0.11, 0.21 and 0.03
respectively.
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Figure 6. (Color online) A photo of the actual constructed
magnet (in red) including a stand and an outer stainless steel
casing. The coordinate system used for the measurements of
the flux density is also shown.
For this particular design the choice of the high and low
flux density regions is rather arbitrary and so they could have
been chosen to span less than 45 degree. This would lead
to a higher value for 〈B0.7high〉 and a lower value of 〈B0.7low〉, but
also to a lower value of Vfield. It has been verified that Λcool
attains the highest value for this design when the high and
low flux density regions combined span the entire air gap
circumference, i.e. as done here.
4. Conclusion
The complete process of designing a magnet for use in a mag-
netic refrigeration device has been described. Two different
ways for improving the performance of a magnet design were
applied to a concentric Halbach magnet design which was
dimensioned and subsequently segmented once the optimal
dimensions had been found. The direction of magnetization
was also optimized for each of the individual segments. The
final design generates a peak value of 1.24 T, an average flux
density of 0.9 T in a volume of 2 L using 7.3 L of magnet,
and has an average low flux density of 0.08 T. The difference
in flux to the power of 0.7 is 0.76 T0.7. The working point of
the magnets is close the maximum energy density possible.
Finally the flux density of the design has been measured and
compared with a three dimensional numerical simulation of
the design, and an excellent agreement was seen. A magnetic
refrigeration device utilizing the magnet is under construction
at Risø DTU.
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Figure 7. Measurements of the flux density as a function of
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